Introduction
The ectopic deposition of excess triglycerides (TGs) in liver is a known complication of obesity and insulin resistance (1) . In humans, this condition is called nonalcoholic fatty liver disease (NAFLD), a term covering pathologies ranging from simple hepatic steatosis to steatohepatitis (NASH) -an inflammatory condition that can lead to chronic liver disease and cirrhosis (2) . This disease is highly prevalent, with an estimated 107 million affected individuals in the United States as of 2017 (3, 4) . It has been established that in the setting of insulin resistance and NAFLD, accrual of hepatic TG occurs due to increased de novo lipogenesis (DNL) (5, 6) and increased delivery of nonesterified fatty acids (NEFAs) from peripheral lipolysis (7) . What remains controversial is the role of lipid disposal pathways, and more specifically β-oxidation, in the pathogenesis and progression of NAFLD. Under fasting conditions, normal human livers have the remarkable capacity to dispose of up to ≈250 g NEFAs per day by coupling β-oxidation with ketogenesis (8) . A similar compensation occurs during dietary carbohydrate restriction and is associated with beneficial metabolic effects, rather than the metabolic dysfunction encountered in NAFLD (9) (10) (11) (12) . It is not clear whether this compensation fails in NAFLD or is harmful during sustained lipid availability.
Mitochondrial β-oxidation is the dominant oxidative pathway for disposal of NEFAs in liver (13) . Once NEFAs enter the mitochondria via the carnitine acyltransferase system, they undergo this 4-step catabolic process, yielding reducing equivalents (NADH and flavin adenine dinucleotide [FADH 2 ]) and acetyl-CoA. Human studies have demonstrated that hepatic oxidative metabolism is increased in obesity and insulin resistance using a variety of techniques, including oxygen consumption by arterial/venous difference (14) , hepatic heat production (15) , positron emission tomography (16) , and stable isotope tracers (7, 17) . Respiration studies of isolated human liver mitochondria indicate that increased oxidative capacity is Nonalcoholic fatty liver disease (NAFLD) is a highly prevalent, and potentially morbid, disease that affects one-third of the US population. Normal liver safely accommodates lipid excess during fasting or carbohydrate restriction by increasing their oxidation to acetyl-CoA and ketones, yet lipid excess during NAFLD leads to hyperglycemia and, in some, steatohepatitis. To examine potential mechanisms, we studied flux through pathways of hepatic oxidative metabolism and gluconeogenesis using 5 simultaneous stable isotope tracers in ketotic (24-hour-fasted) individuals with a wide range of hepatic triglyceride content levels (0%-52%). Ketogenesis was progressively impaired as hepatic steatosis and glycemia worsened. Conversely, the alternative pathway for acetyl-CoA metabolism, oxidation in the tricarboxylic acid (TCA) cycle, was upregulated in NAFLD as ketone production diminished and positively correlated with rates of gluconeogenesis and plasma glucose concentrations. Increased respiration and energy generation that occurred in liver when β-oxidation and TCA cycle activity were coupled may explain these findings, inasmuch as calculated hepatic oxygen consumption was higher during fatty liver and highly correlated with gluconeogenesis. These findings demonstrate that increased glucose production and hyperglycemia in NAFLD is a consequence not of acetyl-CoA production per se, but rather of how acetyl-CoA is further metabolized in liver.
an adaptive response to obesity and NAFLD, and that the loss of this response is associated with oxidative stress and the histological hallmarks of NASH (18) . Ultimately, mitochondrial function, including oxidative capacity and redox defenses, is lost as NAFLD proceeds to NASH (19) .
In liver, acetyl-CoA derived from β-oxidation has 2 major fates: (i) oxidation to form CO 2 in the tricarboxylic acid (TCA) cycle; or (ii) condensation in the ketogenic pathway to form acetoacetate (AcAc) or β-hydroxybutyrate (BHB). The former increases the yield of reducing equivalents from β-oxidation by ≈3-fold, and hence strongly influences respiration and ATP synthesis. In contrast, ketones cannot be oxidized in liver, but are exported and utilized by peripheral tissues, with little further impact on hepatic energetics. In humans, calorie or carbohydrate restriction substantially increases hepatic NEFA delivery and β-oxidation but attenuates acetyl-CoA oxidation in the TCA cycle, leading to ketone synthesis and the characteristic ketosis of these interventions (20, 21) . Postabsorptive circulating NEFAs and hepatic β-oxidation are similarly elevated in NAFLD, but acetyl-CoA disposal is primarily linked to the TCA cycle despite no apparent defect in ketogenesis (7) . Hence, NAFLD provokes increased oxidative metabolism, either because liver requires the additional respiration (22) or because ketogenesis is not sufficiently activated (23, 24) .
Although the majority of the acetyl-CoA produced by normal liver (≈85%) is condensed to form ketones under ketotic conditions (25) , the role and importance of the ketogenic pathway in human NAFLD pathophysiology are largely unknown. In mice, both acetyl-CoA disposal pathways are activated during the onset of obesity and hepatic steatosis, but the ketogenic response diminishes as exposure to an obesogenic diet increases (failure to suppress or augment in response to insulin or fasting, respectively) (26) . Ketonemia in human NAFLD shows similar conditional variability, with 2 studies suggesting that ketone production is impaired during mildly ketotic conditions (27, 28) . This may be clinically relevant, given that impaired ketogenesis in rodents is sufficient to exacerbate steatosis, stimulate the TCA cycle, increase gluconeogenesis and DNL, and promote liver injury -all characteristic features of NAFLD and NASH (23, 24) . Data from overnight-fasted individuals suggest that ketogenesis is intact in those with NAFLD (7); however, a 12-hour fast does not fully activate ketogenesis or lead to ketosis in humans and may be insufficient to expose defects in this pathway. Understanding how fatty liver alters the capacity to upregulate ketone body production in humans is salient, given the increasing clinical interest in ketogenic diets, intermittent fasting, and pharmacological approaches that influence ketosis as therapies for obesity and NAFLD.
In the present study, 5 stable isotope tracers were administered simultaneously to characterize the metabolic pathways of gluconeogenesis, TCA cycle, and ketogenesis. To examine the adaptive capacity of hepatic fat oxidation and ketogenesis, ketosis was induced by a 24-hour fast in 40 individuals with a range of hepatic TG content levels (0%-52%). We report that ketogenesis, and more specifically BHB production, was progressively impaired with increasing hepatic TG content. Resistance to ketosis among NAFLD subjects was not associated with reduced rates of β-oxidation but was associated with increased acetyl-CoA oxidation in the TCA cycle, increased respiration, and elevated rates of gluconeogenesis and endogenous glucose production (EGP). Thus, during NAFLD, liver increases oxidative metabolism rather than safely disposing of excess NEFAs as ketones.
Results
Baseline characteristics of the study population. Study subjects had a range of hepatic TG contents (0%-52%, Figure  1A ). Those with concentrations ≥5% (23 of 40 subjects) were considered to have NAFLD ( Figure 1B ). The NAFLD group was further separated into tertiles of liver fat to highlight the relationship between liver fat and other variables. Tertiles 1-3 had mean hepatic TG content of 6% ± 1%, 13% ± 2%, and 30% ± 4%, respectively. Age, sex distribution, and ethnic/racial makeup were similar among the groups (Table 1) . As anticipated, there was a greater proportion of obese subjects with impaired insulin sensitivity and hyperlipidemia among those with NAFLD. Serum aspartate aminotransferase (AST) was slightly higher among those with fatty liver, while serum alanine aminotransferase (ALT) was ≈2-fold higher. Neither group had laboratory evidence of hepatic synthetic dysfunction or portal hypertension. As anticipated, subjects with NAFLD had impaired glucose disposal during hyperinsulinemic-euglycemic (H-E) clamp ( Figure 1C ). However, peripheral insulin sensitivity was similar across the different levels of hepatic TG content in the NAFLD group.
Insulin resistance was associated with an impaired metabolic transition to the fasted state in NAFLD subjects. We next examined the metabolic and biochemical response of the subjects to a 12-and 24-hour fast. Indirect calorimetry demonstrated that respiratory quotients (RQs) were similar between the 2 groups and changed physiologically over the course of the study in a manner consistent with fasting ( Figure 1D ).
Plasma glucose concentrations were higher in NAFLD subjects at all points in the study and declined in both groups as the fasting duration increased ( Figure 1E ). Fasting also induced the expected changes in concentrations of plasma insulin (decreased) and glucagon (increased), as well as glucagon/insulin ratios (increased) in both groups (Figure 1, F-H) ; however, insulin concentrations were consistently higher and glucagon/insulin ratios lower among NAFLD subjects. Plasma concentrations of glucose, insulin, and glucagon were similar among the tertiles of hepatic steatosis.
The metabolic response of plasma NEFAs and ketones were blunted at the extremes of plasma insulin concentrations in NAFLD subjects. Changes in plasma NEFA and ketone concentrations differed significantly between control and NAFLD subjects in response to fasting (Figure 2, A and B) . To control for insulin action, we examined plasma NEFA and ketone concentrations during an H-E clamp and found that both were higher (≈98% and ≈30%, respectively) among those with fatty liver. However, in 12-hour-fasted subjects (without H-E clamp), plasma ketones were normal in those with NAFLD despite circulating NEFAs that (B) Using a hepatic TG cutoff of 5%, the population was dichotomized into control (n = 17) and NAFLD (n = 24) groups. The NAFLD group was further separated into tertiles of liver fat, with tertiles 1-3 having mean hepatic TG content of 6% ± 1% (n = 7), 13% ± 2% (n = 8), and 30% ± 4% (n = 8), respectively (P < 0.004). (C) Mean glucose disposal rates (M value) during H-E clamp were significantly lower in the NAFLD group (n = 20), consistent with insulin resistance. (D) Respiratory quotients were similar in control (n = 15) and NAFLD (n = 20) subjects and declined from 12 (left bars) to 24 hours (right bars) of fasting, consistent with fasting physiology. (E) Plasma glucose concentrations at 12 and 24 hours of fasting were higher in NAFLD subjects (n = 22) compared with controls (n = 16) and declined in both groups as the fasting duration increased. (F) Plasma insulin and (G) glucagon concentrations as well as (H) glucagon/insulin ratio at 12 and 24 hours of fasting are shown for control (n = 15) and NAFLD (n = 19) subjects. Fasting changes in concentrations of plasma insulin and glucagon, as well as the glucagon/insulin ratio, were observed in both groups; however, insulin was consistently higher, and glucagon/ insulin ratio lower, among NAFLD subjects. Plasma concentrations of glucose, insulin, and glucagon were similar among the tertiles of liver fat. Significance was determined using 2-tailed Student's t test for paired and unpaired data and 1-way ANOVA and 2-way repeated-measures ANOVA when appropriate.
were increased by ≈29%. Together, these data are consistent with the well-known increase in basal lipolysis present in overnight-fasted NAFLD subjects (7) . However, after a 24-hour fast, plasma NEFA and ketone concentrations were ≈30% lower in NAFLD subjects compared with controls. The lower plasma ketone concentrations among those with NAFLD at 24 hours of fasting were due to reduced plasma BHB, but not AcAc ( Figure 2C ). In fact, there was a significant inverse relationship between plasma BHB concentrations and hepatic TG content within the 24-hour fasted study population (Spearman's correlation coefficient [r S ] = -0.343, P = 0.043), indicating a relationship between steatosis severity and ketonemia. Despite these differences, plasma NEFA and ketone concentrations remained highly correlated in both groups at 24 hours of fasting (control: r S = 0.906, P < 0.001; NAFLD: r S = 0.821, P < 0.001).
Ketogenesis was attenuated in NAFLD subjects after a 24-hour fast. To further examine the differences noted in plasma ketone concentrations after a 24-hour fast, we measured ketogenesis via the intravenous infusion of both [3,4- 13 C 2 ]AcAc and [1,2-13 C 2 ]BHB. The metabolic pathways probed in this study are summarized in Figure 3A . Unlike in overnight-fasted subjects (7), rates of ketogenesis were lower among those with NAFLD after a 24-hour fast, especially those with greater concentrations of hepatic TG ( Figure 3B ). The aggregate flux data were remarkably similar to plasma ketone concentrations after a 24-hour fast ( Figure 2 , A and C). As with plasma BHB concentrations, there was a significant inverse relationship between hepatic TG content and ketogenesis within the entire study population (r S = -0.328, P = 0.042; Supplemental Figure 2A ; supplemental material available online with this article; https://doi.org/10.1172/jci.insight.127737DS1). The lower rates of ketogenesis in NAFLD subjects were due primarily to significantly lower rates of BHB production ( Figure 3D ). It should be noted, however, that rates of BHB production in the present study were ≈2.9-fold higher among controls and ≈2.7-fold higher among NAFLD subjects when compared with 12-hour-fasted subjects (7), indicating that fatty liver blunts, but does not preclude, a ketogenic response to fasting. In addition, plasma ketone concentrations were correlated with ketone turnover (r S = 0.527, P = 0.001), suggesting that Figure 2C ), suggested that either hepatic mitochondrial redox state was more reduced in subjects with NAFLD or that BHB dehydrogenase function was impaired. Since plasma concentrations of ketones represent the difference between utilization and production rates, we also examined rates of AcAc and BHB disposal. When compared in aggregate, there was no difference in ketone body disposal rates between control and NAFLD subjects ( Figure 3 , G and H); however, AcAc disposal rates tended to be lower in those with fatty liver.
Ketogenesis did not correlate with EGP or gluconeogenesis. Ketogenesis is closely related to hepatic acetyl-CoA availability. A recent report suggested that ketogenesis is a surrogate marker for hepatic acetyl-CoA content and that both measures correlate strongly with hepatic glucose production when the majority of glucose is derived from pyruvate carboxylase (i.e., gluconeogenesis) (29) . To examine this relationship in humans, we assessed hepatic glucose metabolism using the intravenous infusion of [3,4- H into glucose H6 confirmed that the majority of glucose originated from pyruvate carboxylase in control and NAFLD subjects after 24 hours of fasting ( Figure 4A and Supplemental Figure 1 ). Glycerol accounted for a minority of the glucose produced, while one-quarter was derived from glycogenolysis. EGP was measured by tracer dilution and found to be significantly higher in NAFLD subjects ( Figure 4B ). Ketogenesis tended to have an inverse correlation with EGP Figure 2 . Fasting ketosis is impaired in subjects with NAFLD. Plasma (A) ketones and (B) NEFAs were measured during H-E clamp and after a 12-and 24-hour fast. Both ketone (control: n = 16, NAFLD: n = 21) and NEFA (control: n = 17, NAFLD: n = 22) concentrations were higher among those with fatty liver during an H-E clamp. In 12-hour-fasted subjects, plasma ketones were normal in those with NAFLD despite increased circulating NEFAs. After a 24-hour fast, plasma NEFA and ketone concentrations were ≈30% lower in NAFLD subjects compared with controls. There was a significant interaction term for both plasma ketones and NEFAs, indicating that control and NAFLD subjects respond differently to the transition from high to low insulin concentrations. (C) The lower plasma ketone concentrations among those with NAFLD at 24 hours of fasting were due to reduced plasma BHB, but not AcAc, concentrations. Significance was determined using 2-tailed Student's t test for unpaired data and 2-way repeated-measures ANOVA when appropriate.
(r S = -0.297, P = 0.074). We therefore combined the 2 H and 13 C tracer data to determine absolute rates of glucose production from pyruvate carboxylase. There was no significant relationship between ketogenesis and gluconeogenesis (r S = 0.014, P = 0.936; Supplemental Figure 2B ) or plasma glucose concentrations (r S = -0.270, P = 0.110; Supplemental Figure 2C ). Rates of gluconeogenesis were also significantly higher among subjects with NAFLD despite lower rates of ketogenesis ( Figure 4B ). In addition, there was no discernable relationship between BHB production rates alone and EGP or gluconeogenesis in the present study, or when data from 12-hour-fasted control and NAFLD subjects studied previously were reexamined (7). Thus, the rate of ketogenesis was not specifically associated with the control of gluconeogenesis in humans.
Impaired ketogenesis was associated with increased acetyl-CoA disposal in the TCA cycle. If the majority of acetyl-CoA produced in liver is condensed to form ketones, then rates of ketogenesis should reflect hepatic acetyl-CoA production and, by corollary, content (29) . We therefore examined the alternative disposal pathway for acetyl-CoA -oxidation in the TCA cycle -by combining propionate with a quantitative model of hepatic metabolism. Pyruvate carboxylase represents one of the most significant anaplerotic pathways of the TCA cycle and acts as a control point for gluconeogenesis by regulating the conversion of pyruvate to oxaloacetate ( Figure 3A ). Tracer data indicated that anaplerosis was markedly increased in those with NAFLD despite their lower rates of ketogenesis and, presumably, hepatic acetyl-CoA content -the allosteric activator of pyruvate carboxylase ( Figure 4C ). In contrast to ketogenesis, the oxidation of acetyl-CoA in the hepatic TCA cycle was ≈57% higher among NAFLD subjects ( Figure 4D ). Unlike ketogenesis, TCA cycle activity was positively correlated with hepatic TG content levels (r S = 0.431, P = 0.007; Supplemental Figure 3C ), rates of gluconeogenesis (r S = 0.460, P = 0.003; Supplemental Figure 3D ), and plasma glucose concentrations (r S = 0.602, P < 0.001; Supplemental Figure 3E ). It is notable that, compared with 12-hour-fasted subjects (7), TCA cycle activity was reduced after fasting for 24 hours by ≈60% and ≈50% in control and NAFLD subjects, respectively, again indicating a preserved but blunted metabolic response to fasting in those with fatty liver.
Altered acetyl-CoA disposal in NAFLD was associated with increased plasma pyruvate concentrations. Increased oxidation of acetyl-CoA in the TCA cycle, and reduced condensation to ketones, may be related to the availability of oxaloacetate or its precursors (see Figure 3A ) (30) . We examined plasma concentrations of lactate and pyruvate in a subset of subjects from both groups during the transition from fed to fasting. Plasma lactate concentrations did not differ between the groups at any time point during the study. Plasma pyruvate concentrations were similar between the 2 groups during H-E clamp and declined in both groups as the fasting duration increased ( Figure 4E ). However, NAFLD subjects had, or tended to have, higher pyruvate concentrations at 12 and 24 hours of fasting, respectively. This is consistent with reduced peripheral pyruvate oxidation (31) and increased Cori cycling during insulin resistance. Elevated pyruvate and increased rates of pyruvate carboxylase flux in NAFLD may not only increase gluconeogenesis, but also raise hepatic oxaloacetate concentrations, which would activate TCA cycle oxidation and reduce the rate of ketogenesis.
The rate of hepatic acetyl-CoA production is normal but its metabolic fate is altered in NAFLD subjects. Acetyl-CoA production (β-oxidation) was estimated by combining rates of ketogenesis and TCA cycle turnover (see Figure  3A) . Despite the differences in EGP and gluconeogenesis between control and NAFLD subjects, rates of β-oxidation did not differ ( Figure 4F ). In addition, there was no significant relationship between estimated β-oxidation and EGP (r S = -0.168, P = 0.325) or gluconeogenesis (r S = 0.077, P = 0.652; Supplemental Figure 4A ). Of the acetyl-CoA produced in control subjects, 86% ± 2% was used for ketogenesis, a value in agreement with Figure 3. Ketone body production, interconversion, and disposal is impaired in NAFLD. (A) The pathways measured by the simultaneous administration of 5 stable isotope tracers are presented. Ketone tracers allow for the measurement of ketogenesis. The glucose and heavy water tracers allow for the sources of glucose, as well as EGP, to be determined. The propionate tracer allows for evaluation of pathways centered on the TCA cycle. Data from these tracer studies are combined to estimate hepatic β-oxidation (acetyl-CoA production) and oxygen consumption. C 2 ]BHB combined with a 2-pool model was used to measure the rate of production of these ketones (control: n = 17, NAFLD: n = 21). Rates of ketogenesis were significantly lower among those with NAFLD and inversely correlated with hepatic TG content. LBW, lean body weight. (C) Rates of AcAc production did not differ between control and NAFLD subjects, but tended be lower among NAFLD subjects with higher concentrations of hepatic TG. (D) Rates of BHB production were lower among NAFLD subjects, especially those with higher hepatic TG concentrations. (E) Rates of interconversion of AcAc ⇌ BHB and (F) BHB ⇌ AcAc were lower among NAFLD subjects. (G) Disposal rates for AcAc tended to be lower in all NAFLD subjects and was significantly lower among those with higher concentrations of hepatic TG. (H) Rates of BHB disposal were similar between control and NAFLD subjects in aggregate, but tended to be lower among those the highest hepatic TG concentrations. Ketone isotopic data was unavailable for 2 NAFLD subjects. Significance was determined using 2-tailed Student's t test for unpaired data and 1-way ANOVA when appropriate.
normal fasting physiology (25) . Ketogenesis accounted for significantly less acetyl-CoA disposal in NAFLD subjects (77% ± 2%, P = 0.003). Thus, ketogenesis is a substantial component of β-oxidation after a 24-hour fast but nevertheless a partial measure of acetyl-CoA production, which is skewed by NAFLD. Specifically, hepatic acetyl-CoA was shifted away from ketogenesis and toward oxidation in the TCA cycle in obese NAFLD subjects, but the total rate of acetyl-CoA production was not affected.
Reduced ketogenesis in NAFLD subjects leads to increased hepatic O 2 consumption. Due to the ≈3-fold increase in reducing equivalent production when β-oxidation is coupled with the TCA cycle (see Figure 3A) , we examined hepatic O 2 consumption (V O 2 ), estimated from the net production of NADH/FADH 2 in a flux balance analysis of β-oxidation, ketogenesis, the TCA cycle, and gluconeogenesis. When examined in aggregate, NAFLD subjects had estimated O 2 consumption rates that were similar to those of controls (Figure 4G) . However, this appeared to be due to a variable effect of hepatic TG content, with the 5%-19% TG tertiles tending to be elevated and the 20%-52% tertile tending to be lower. These data are reminiscent of the temporal changes in hepatic oxidative metabolism that occur during longitudinal dietary lipid exposure in a rodent model, and isolated liver mitochondria from humans, with increasing severity of NAFLD (18, 26) . Due to a ≈10% greater disposal of acetyl-CoA in the TCA cycle, NAFLD subjects consumed ≈30% more O 2 for each acetyl-CoA produced ( Figure 4H ). Unlike rates of ketogenesis and β-oxidation, estimated hepatic VȮ 2 was highly correlated with both EGP (r S = 0.574, P < 0.001) and gluconeogenesis (r S = 0.680, P < 0.001; Supplemental Figure 4B ).
Adiposity does not explain the metabolic differences between control and NAFLD subjects. To control for differences in body mass between the groups, we matched individuals from the control group with those from the NAFLD group by BMI (Supplemental Table 1 ). These 2 subgroups of 12 subjects had a similar BMI (27 ± 1 vs. 29 ± 1 kg/m 2 , P = 0.125) and percent body fat (32% ± 3% vs. 35% ± 2%, P = 0.404), with markedly different hepatic TG content (1% ± 0% vs. 18% ± 4%, P = 0.002) and peripheral insulin sensitivity (P < 0.001). The observed differences in hepatic metabolism between the 2 groups persisted despite controlling for differences in body mass. In fact, differences between the control and NAFLD groups regarding production of AcAc (10.9 ± 1.4 vs. 7.4 ± 0.8 μmol/kg lean body weight [kg LBW ]/min, P = 0.045), BHB (9.2 ± 0.9 vs. 5.7 ± 1.0 μmol/kg LBW /min, P = 0.017), and ketogenesis (20.1 ± 1.3 vs. 13.1 ± 1.5 μmol/kg LBW /min, P = 0.002) were even more striking between obesity-matched groups.
Discussion
Ketogenesis represents an important adaptive mechanism in human physiology that allows liver to utilize stored TG to provide metabolic fuel for peripheral tissues during periods of carbohydrate deprivation. This metabolic pathway is also harnessed by liver during the early stages of an obesogenic diet (26) , likely as a mechanism to safely manage excess TG-derived acetyl-CoA via nonoxidative disposal and thereby limit oxidative stress (22) . In this study, we examined the effect of hepatic steatosis (range: 0%-52%, Figure 1A ) on the adaptive capacity of liver to upregulate ketogenesis during the induction of ketosis by a 24-hour fast. Subjects with NAFLD exhibited a resistance to ketosis/ketonemia that manifested as reduced plasma concentrations of BHB that was related to both insulin insensitivity and severity of hepatic steatosis. Stable isotope tracer data indicated that the blunted response of plasma ketones in NAFLD subjects after a 24-hour fast was due to a progressive reduction in the ability to synthesize ketones, especially BHB, as hepatic steatosis increased. Attenuated ketogenesis in subjects with fatty liver led to a reciprocal increase C 2 ]glucose was used to determine EGP. Absolute rates of glycogenolysis, as well as gluconeogenesis from OAA and glycerol, were determined by combining EGP with fractional glucose production data. There was a higher rate of EGP in NAFLD subjects due to an increased rate of gluconeogenesis from OAA. (C) Carbon-13 isotopomer analysis of plasma glucose indicated that total anaplerosis was significantly higher in NAFLD (n = 23) compared with control (n = 15) subjects. (D) TCA cycle turnover was increased among NAFLD subjects compared with controls. (E) Oxaloacetate and its precursors, such as pyruvate, can stimulate TCA cycle activity. Plasma pyruvate concentrations were similar in the 2 groups during H-E clamp and declined in both groups as the fasting duration increased; however, NAFLD subjects had, or tended to have, higher pyruvate concentrations at 12 and 24 hours of fasting, respectively (control: n = 11, NAFLD: n = 9). (F) Estimated β-oxidation did not differ between the groups in aggregate, but tended to be lower among those with higher concentrations of hepatic TG (control: n =15, NAFLD: n = 21). (G) In aggregate, NAFLD subjects had O 2 consumption rates that were similar to those of controls. This was due to a variable effect of hepatic TG content, as those with mild to moderate hepatic steatosis tended to have higher VȮ 2 than controls. (H) NAFLD subjects consumed ≈30% more O 2 for each acetyl-CoA produced.
Glucose isotopic data was unavailable for 2 control subjects. Combined isotopic data were unavailable for 2 control and 2 NAFLD subjects. Significance was determined using 2-tailed Student's t test for unpaired data, 1-way ANOVA, and 2-way repeated-measures ANOVA when appropriate.
in oxidative disposal of acetyl-CoA in the TCA cycle. As a result, the rate of acetyl-CoA production (β-oxidation) was estimated to be similar between control and NAFLD subjects despite dramatic differences in the metabolic fate of acetyl-CoA. The differential utilization of acetyl-CoA in the TCA cycle in NAFLD subjects was associated with elevated rates of pyruvate carboxylase flux, gluconeogenesis, EGP, and oxygen consumption. Lower rates of ketogenesis implied decreased acetyl-CoA concentrations (29) , which was in conflict with the canonical allosteric role of this molecule in the excessive stimulation of pyruvate carboxylase-mediated gluconeogenesis and EGP (Supplemental Figure 2B) . In fact, the strongest predictor of gluconeogenesis among 24-hour-fasted subjects was estimated hepatic VȮ 2 , followed by pyruvate carboxylase flux and acetyl-CoA oxidation in the TCA cycle, respectively (Supplemental Figure 4B , Supplemental 3B, and Supplemental 3D). Thus, an important metabolic pathology of NAFLD is that it limits the disposal of lipids via ketogenesis, thereby favoring oxidative metabolism, which loads hepatocellular respiration, increases gluconeogenesis and EGP, and promotes elevated plasma glucose concentrations.
During fasting or carbohydrate restriction, a rise in the plasma glucagon/insulin ratio activates lipolysis and NEFA release from adipose tissue. The resulting rise in plasma NEFA concentrations contributes to increased hepatic β-oxidation and ketogenesis during these states (32) . Rates of lipolysis and NEFA concentrations are similarly elevated in overnight-fasted (12 hour-fasted) subjects with NAFLD (7, 33, 34) , which led us to speculate that increased NEFA delivery to liver causes the observed increase in fatty acid oxidation in these individuals (7) . However, after a 24-hour fast the lipolytic response was paradoxically impaired in NAFLD subjects ( Figure 2B ). Similar observations have been made in obese subjects during prolonged fasting (35, 36) , and the impairment may be due to relative hyperinsulinemia or, more importantly, a lower glucagon/insulin ratio ( Figure 1H ). Given that a 13% lower rate of ketogenesis ( Figure 3B ) was coincident with 16% lower plasma NEFA concentrations ( Figure 2B ), it is tempting to assign the mechanism of impaired fasting ketogenesis to lower circulating NEFAs in NAFLD subjects. However, the calculated rate of β-oxidation was similar in 24-hour-fasted control and NAFLD subjects ( Figure 4F ), suggesting that peripheral NEFA supply is not the sole factor responsible for promoting lipid catabolism in NAFLD.
An additional supply of substrate for hepatic β-oxidation may be derived from intrahepatic TG. This mechanism has been observed in patients with type 1 diabetes who develop hepatic steatosis during ketoacidosis: upon treatment with insulin, plasma ketone concentrations remain elevated due to the continued clearance of intrahepatic TG via ketogenesis-linked oxidative metabolism despite normalization of plasma NEFA concentrations (37) . A role for intrahepatic lipolysis in humans is also consistent with data from our previous study of the effect of a 48-hour fast on hepatic TG content (20) . Previously unpublished analysis of that data with respect to basal and fasted liver TG content (Supplemental Figure 5) demonstrates that fasting leads to a reduction in hepatic TG concentrations in individuals with higher basal liver fat, consistent with lipolytic release. Even larger amounts of intrahepatic lipid can be mobilized after only 2 weeks of weight loss (12) . Thus, the pool of hepatic TG is quite labile, prone to lipolytic release, and available to support hepatic oxidative metabolism in the setting of fasting.
While glucagon and insulin signaling also regulate hepatic β-oxidation and ketogenesis directly, the effect of insulin resistance may either increase or decrease the function of these pathways. Some of the metabolic effects of insulin are retained during hepatic insulin resistance. Specifically, insulin continues to activate lipogenesis (38) , which inhibits mitochondrial NEFA transport and β-oxidation (39). The nuanced alterations in cell signaling that give rise to elevated lipogenesis during insulin resistance can also suppress ketogenic flux by activating mTOR complex 1 (mTORC1) or activate TCA cycle flux by promoting FOXO targets (40) . Indeed, the glucagon/insulin ratio had a complex relationship with hepatic β-oxidation (r S = 0.367, P = 0.030) that included a positive correlation with ketogenesis (r S = 0.445, P = 0.006) but a negative correlation with TCA cycle activity (r S = -0.584, P < 0.001). These relationships are consistent with prior work with fed and fasted rodent livers (25) , and indicate that an attenuated glucagon/insulin ratio contributes to the dysregulation of hepatic fat catabolism in NAFLD. However, the precise molecular mechanisms involved remain to be determined.
Elevated gluconeogenesis during insulin resistance and NAFLD is dependent on β-oxidation and the partitioning of acetyl-CoA between ketogenesis and the TCA cycle (41) . In fact, insulin's direct inhibition of hepatic glucose production (42) is complemented by its suppression of plasma NEFAs, which indirectly inhibits gluconeogenic capacity (43) . The stimulation of hepatic gluconeogenesis by β-oxidation is complex and mediated by its downstream effects, including ATP supply, energy charge, redox, and allosteric effectors such as citrate and acetyl-CoA. Notably, acetyl-CoA is an essential allosteric activator of pyruvate carboxylase (44), the predominant anaplerotic pathway that provides precursors for gluconeogenesis.
It was recently reemphasized that a rise in hepatic acetyl-CoA causes increased gluconeogenesis during insulin resistance (45) . Since it is impractical and unsafe to examine acetyl-CoA directly in human liver tissue, we applied a recently reported noninvasive assay of liver acetyl-CoA based on in vivo ketone turnover (29) . This assay indicated lower acetyl-CoA content in NAFLD subjects ( Figure 3B ), despite increased pyruvate carboxylase activation (Figure 2, B and C) . In fact, neither ketogenesis nor estimated β-oxidation as indicators of hepatic acetyl-CoA content significantly correlated with rates of gluconeogenesis within the study population (Supplemental Figure 2B and Supplemental 4A). Hence, either ketone turnover as a marker of hepatic acetyl-CoA content (29) or acetyl-CoA as the principal mechanism of excess gluconeogenesis during insulin resistance (45) must be incorrect. It is possible that the dynamics of acetyl-CoA metabolism in human liver, in contrast to rodent liver (29) , render its rate of production an inaccurate predictor of concentration and allosteric availability. However, it has also been frequently noted that a conceptual limitation of this mechanism is that the mitochondrial acetyl-CoA concentration is always much higher than required for allosteric activation of pyruvate carboxylase (46) (47) (48) (49) (50) (51) , especially in human liver (52, 53) . Nevertheless, if elevated gluconeogenesis during NAFLD is impacted by altered β-oxidation, the mechanism may be related to how acetyl-CoA is metabolized rather than its rate of production.
Acetyl-CoA metabolism has important implications for cellular energy state, which is another mechanism by which β-oxidation can impinge on gluconeogenesis (54) . Indeed, elevated gluconeogenesis was associated with increased oxidation of acetyl-CoA in the TCA cycle, which generates ≈3-fold more ATP than when β-oxidation is coupled to ketogenesis. Flux estimates of hepatic VȮ 2 correlated closely with gluconeogenesis, consistent with respiration and ATP supply being important regulatory factors (54, 55) . The shift to oxidation in the TCA cycle is essential because gluconeogenesis requires a high proportion of hepatic ATP production (56) . In the absence of increased β-oxidation, this shift is predicated on a concomitant reduction in ketogenesis, as was observed here. Indeed, the simple elevation of gluconeogenic substrates is sufficient to stimulate the TCA cycle at the expense of ketogenesis (30) . Specifically, pyruvate concentrations, which were elevated by ≈17% in NAFLD subjects, directly increase pyruvate carboxylase flux (51), elevate TCA function, and reduce the conversion of acetyl-CoA to ketones (30) . It remains unclear whether elevated gluconeogenesis stimulates the TCA cycle and respiration, or vice versa, but increased respiration appears to precede the development of NASH in humans (18) .
Decreased plasma concentrations of BHB under normally ketogenic conditions may be a general feature of NAFLD and NASH (27, 28) that plays an etiological role in the disease. Inhibition of ketogenesis in a rodent model shows striking similarities to human NAFLD and NASH, including increased gluconeogenesis, partitioning of acetyl-CoA to oxidation in the TCA cycle, and susceptibility to inflammation and liver injury (23, 24) . The lower BHB (but not AcAc) production and impaired interconversion of BHB and AcAc observed in NAFLD subjects (Figure 3 , D-F) might suggest a specific defect at the BHB dehydrogenase step of ketone metabolism (57) . This enzyme requires a unique phospholipid interface with the inner mitochondrial membrane to function (58), which is disrupted by loss of insulin action (59) . The loss of ketone production is particularly relevant to the inflammation that develops in NASH (2) because BHB inhibits inflammasome-mediated cytokines through signaling mechanisms (60) and AcAc oxidation by liver macrophages prevents the activation of fibrosis (61) . Thus, ketosis may represent a reasonably tractable intervention against NAFLD. Fasting for 24 hours alone improves systemic inflammation in humans (62) , and intermittent fasting (≈18-24 hours) followed by periods of normal feeding may have beneficial effects on insulin action (63) . Even NAFLD subjects studied here following a 24-hour fast had increased ketogenesis and reduced TCA cycle activity compared with similar subjects studied in the postabsorptive state (7) . Not surprisingly, ketogenic diets have an analogous effect in obese subjects (21) , with the added benefit of rapidly reducing hepatic steatosis (64) . It is notable that recent pharmacological targets, such as sodium glucose cotransporter 2 (SGLT2) inhibitors (65) and acetyl-CoA carboxylase 1/2 (ACC1/2) inhibitors (66) also activate ketogenesis. While it is clear that the ketogenic response is impaired in NAFLD, more investigations are required in order to understand whether this is a primary defect and whether interventions that enhance ketogenesis have long-term beneficial effects.
In conclusion, NAFLD subjects have disruptions in lipid catabolism characterized by altered hepatic acetyl-CoA partitioning between ketogenesis and the TCA cycle. When ketosis was induced by a 24-hour fast, ketogenesis was impaired and acetyl-CoA oxidation in the TCA cycle was concomitantly increased in those with fatty liver. The factors that contribute to the diminished response to fasting may be related to abnormal hormone signaling, a persistently low glucagon/insulin ratio, and related effects on circulating NEFAs and pyruvate. Elevated gluconeogenesis in NAFLD subjects cannot be explained by hepatic acetyl-CoA production determined by ketone turnover or estimated β-oxidation but was positively associated with flux estimates of anaplerosis, TCA cycle activity, and respiration. It is unclear whether elevated oxidative metabolism stimulates gluconeogenesis or vice versa. In either case, the data suggest that activation of ketogenesis is a potential therapeutic recourse that may increase lipid disposal, reduce oxidative metabolism, and improve glucose homeostasis.
Methods
Participants. Forty nondiabetic individuals with and without a history of NAFLD were recruited for study at the University of Texas Southwestern (UTSW) Medical Center. Subjects consuming alcohol in excess (>30 g/d in men, >20 g/d in women), with a BMI >35 kg/m 2 , with concurrent liver disease (other than NAFLD), or taking medications associated with hepatic steatosis were excluded from study. After hepatic TG content was determined by proton magnetic resonance spectroscopy ( 1 H-MRS), subjects were categorized into NAFLD (n = 23; range: 5%-52%) or control (n = 17; range: 0%-4%) groups based on a 5% cutoff value.
Design. The study schema is presented in Supplemental Figure 6 . One week prior to isotope studies, all subjects underwent dual-energy X-ray absorptiometry (DEXA) to assess body fat distribution and lean mass, 1 H-MRS to determine hepatic TG content, and H-E clamp to measure insulin sensitivity. Subjects then maintained an ad libitum diet for 4 days, keeping a record of food intake to allow individual daily caloric intake to be determined. Subjects were then placed on a 3-day standard meal plan consisting of 50% carbohydrate, 35% fat, and 15% protein with a daily caloric intake reflective of their ad libitum diet. Frozen meals were provided to subjects for home consumption and prepared by the UTSW Clinical and Translational Research Center (CTRC) kitchen under the direction of a dietitian. The final standard meal occurred at 12:00 the day prior to isotopic studies, marking the beginning of a 24-hour fast. Subjects presented to the Advanced Imaging Research Center (AIRC) at 08:00 the following day to undergo the isotope studies to assess in vivo hepatic metabolism. Indirect calorimetry was performed prior to the H-E clamp as well as the isotope study (Vmax Encore, CareFusion).
H-E clamp. After an overnight fast (last meal at 18:30), subjects presented to the AIRC to undergo H-E clamp. Two intravenous catheters were placed -one was positioned in the antecubital fossa for infusion of insulin and 20% dextrose, and the other was placed retrograde in the dorsal contralateral hand to obtain blood samples. The hand with the retrograde catheter was placed in a hot box and maintained at 70°C during the procedure to arterialize the venous blood samples. Blood was drawn 20 and 10 minutes prior to the H-E clamp for chemistries as well as baseline glucose measurement. At t = 0 minutes, a 2-hour primed continuous infusion of human insulin was initiated at a rate of 80 mU/m 2 via a syringe pump (Harvard Apparatus). A variable infusion of 20% dextrose was initiated at t = +4 minutes to maintain euglycemia via an Alaris pump (BD). Arterialized blood samples were drawn every 5 minutes during the clamp to monitor plasma glucose concentrations (YSI Inc.). Blood was also obtained at t = +100 minutes and +110 minutes for chemistries. At the end of the infusion period, urine was collected, volume determined, and glucose concentration measured. The H-E clamp could not be completed in 1 control and 3 NAFLD subjects.
DEXA. Fat mass, fat-free mass, and bone mineral mass in the total body, trunk, lower body, and upper extremities were measured using DEXA scanning as previously described (67) .
Hepatic TG content. Measurement of hepatic TG was done by 1 H-MRS using a 3.0 Tesla Achieva wholebody MR system (Philips Medical Systems). For single-voxel-localized data acquisition, a 2 × 2 × 2 cm 3 volume of interest was positioned in the right hepatic lobe, avoiding major blood vessels, intrahepatic bile ducts, and the lateral margins of liver. After the system was tuned and shimmed, spectra were collected using a combination of whole-body and SENSE torso coils for radiofrequency transmission and reception. The stimulated echo acquisition mode (STEAM) sequence was applied without suppression of water signal. Proton-MR spectra were acquired with interpulse delay Tr = 1.6 seconds, spin echo time Te = 14 ms, mixing time Tm = 18 ms, 16 acquisitions, and 2048 data points over a 1,500-Hz spectral width. The levels of hepatic TG were calculated from the area of methylene resonance (1.4 ppm) with respect to that of water resonance (4.8 ppm) as described previously (68) .
Isotopes and other materials. Infusate preparation. All preparation took place in a pharmacy-controlled ISO 7 cleanroom under a laminar flow hood using aseptic technique. Two hours prior to isotopic study, [3, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C 2 ]ethylacetoacetate was suspended in 6.6 ml of 0.5 M NaOH within its vial. The vial was then placed in an incubating shaker for 75 minutes at 40°C, followed by neutralization with 13.0 ml of 0.1 N HCl and buffering with 4.0 ml of 5% sodium bicarbonate. A 150-ml IntraVia bag (Baxter International) was used to deliver the tracers. The bag was first filled with 130 ml normal saline. The [3, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C 2 ]glucose and [1, [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C 2 ]sodium BHB were each suspended in 10 ml saline within their respective vials. After mixing, the contents of these vials and the hydrolyzed [3, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C 2 ]ethylacetoacetate vial were injected into the infusate bag through a 0.2-micron filter. The final volume of the isotope solution was calculated and written in the subject's chart.
Isotope infusion protocol. After a 3-day standard diet, subjects presented to the AIRC to undergo isotopic study. Between 22:00 and 12:00, subjects received 2 tracers orally: divided doses of 70% [ Measurement of glucose, AcAc, and BHB isotopomers. Plasma was extracted with perchloric acid, and glucose, AcAc, and BHB were purified as previously described (7, 69) . Briefly, the supernatant was filtered by ion exchange chromatography, neutralized with LiOH, and then rapidly frozen. The frozen sample was then lyophilized until ≈500 μl remained using a speed-vacuum (Savant) and freeze-dryer (FTS systems). The final product was used for measurement of labeled ketone bodies using 13 C-NMR. The residual ketone sample was then desalted using ion exchange chromatography, followed by purification of plasma glucose and synthesis of 1,2-isopropylidene glucofuranose (monoacetone glucose [MAG]), as detailed previously (70) (71) (72) . The MAG was then analyzed by C spectra. Resonance areas were determined using ACD/Labs 12.0 (Advanced Chemistry Development Inc.). Ketone spectra were inadequate for analysis in 2 NAFLD subjects. Glucose spectra were inadequate for analysis in 2 control subjects.
Metabolic analysis. Deuterium signals from the H2 and H5 positions of MAG were used to determine the fraction of EGP originating from gluconeogenesis and glycogenolysis (fractional glucose production) (70, 73) . Information from the H6s position allowed for the determination of the fraction of glucose produced from trioses originating from the TCA cycle as well as glycerol (73) . Pathways intersecting the TCA cycle (gluconeogenesis, anaplerosis, and pyruvate cycling) were measured by 13 C-NMR analysis of glucose C2 isotopomers formed as a consequence of [U- 13 C 3 ]propionate ingestion (49) . EGP was measured by the dilution of [3, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C 2 ]glucose as previously described (74) . Absolute rates of gluconeogenesis and glycogenolysis were obtained by multiplying EGP by the fractional values determined by 2 H-NMR. Fluxes centered on the TCA cycle were calculated by indexing the relative fluxes obtained by 13 C-NMR to the absolute rate of production of glucose from trioses originating from the TCA cycle (75) . Ketone turnover and rates of appearance, interconversion, and disappearance for both AcAc and BHB were calculated using a 2-pool model of exchangeable AcAc and BHB (69, (76) (77) (78) . The combined metabolic flux data were used to estimate hepatic β-oxidation and oxygen consumption, as previously described (21, 79) .
Metabolite and hormone measurements. Blood was collected in nonheparinized, EDTA-containing tubes and immediately centrifuged to isolate plasma. Samples were frozen and maintained at -80°C, after which they were thawed once and analyzed. ELISA kits were used to measure plasma concentrations of insulin, glucagon (Millipore), and free fatty acids (Wako Chemicals USA). Plasma ketone concentrations were determined using a commercial kit (Wako Chemicals USA). Other chemistries were performed by an outside laboratory (Quest Diagnostics).
To measure organic acids in blood, 50 μl plasma was mixed with 0.8% sulfosalicylic acid and 5 M hydroxylamine-HCl solution, and centrifuged (21,000 g, 10 minutes, 4°C). The supernatant was neutralized with 2 M KOH to pH 6-7 and then incubated at 65°C for 60 minutes. The reaction mixture was acidified using 2 M HCl (pH 1-2), saturated with sodium chloride, and extracted with ethyl acetate. The dried extract was dissolved with acetonitrile and MTBSTFA as silylation reagent and incubated at 60°C for 60 minutes. The derivatives were analyzed in both scan and SIM modes by using an Agilent 7890A gas chromatograph interfaced to an Agilent 5975C mass-selective detector (70 eV, electron ionization source). An HP-5ms GC column (30 m × 0.25 mm I.D., 0.25 μm film thickness) was used for all analysis (80) .
Statistics. Statistical analyses were performed using SigmaPlot 13.0 (Systat Software Inc.). Differences between groups were evaluated using the 2-tailed Student's t test for paired and unpaired data and ANOVA as appropriate. Proportions were analyzed by χ 2 and Fisher's exact test. Strength and significance of correlations were determined by Spearman's rank-order. Unless otherwise indicated, values are presented as mean with SEM. Statistical significance was taken at P < 0.05.
Study approval. This study was conducted according to Declaration of Helsinki principles and approved by the Institutional Review Board of UTSW. Each participant provided written informed consent before participation.
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